Microstructure and texture evolution during the severe-plastic deformation (SPD) of unalloyed aluminum were investigated to establish the effect of processing route and purity level on grain refinement and subgrain formation. Two lots of aluminum with different purity levels (99.998 pct Al and 99 pct Al) were subjected to large plastic strains at room temperature via four different deformation processes: equal-channel angular extrusion (ECAE), sheet rolling, conventional conical-die extrusion, and uniaxial compression. Following deformation, microstructures and textures were determined using orientation-imaging microscopy. In commercial-purity aluminum, the various deformation routes yielded an ultrafine microstructure with a ;1.5-mm grain size, deduced to have been formed via a dynamic-recovery mechanism. For high-purity aluminum, on the other hand, the minimum grain size produced after the various routes was ;20 mm; the high fraction of high-angle grain boundaries (HAGBs) and the absence of subgrains/deformation bands in the final microstructure suggested the occurrence of discontinuous static recrystallization following the large plastic deformation at room temperature. The microstructure differences were underscored by the mechanical properties following four ECAE passes. The yield strength of commercial-purity aluminum quadrupled, whereas the high-purity aluminum showed only a minor increase relative to the annealed condition.
I. INTRODUCTION
THE high strength and enhanced superplastic properties associated with ultrafine microstructures in metallic alloys provide substantial benefits for a wide range of aerospace applications. Typically, grain refinement is achieved via large plastic strains in conventional metal-forming processes (e.g., extrusion and rolling). The products of such techniques have limited structural applications, however, due to the substantial change in billet dimensions associated with the processes. On the other hand, the production of ultrafine grain structures in bulk materials has recently been facilitated by the development of novel deformation techniques such as equal-channel angular extrusion (ECAE) in which ultra-high plastic strains (i.e., e . 5) are imposed without a change in workpiece dimensions. [1] [2] [3] [4] [5] A fine-grain microstructure can be produced via one of two means. So-called discontinuous recrystallization involves the nucleation and growth of strain-free grains, a process driven by stored dislocations acting on high mobility boundaries. The misorientations across the new grain boundaries are usually high. This process may occur during hot deformation (i.e., dynamic recrystallization) or during heat treatment following cold or hot deformation (i.e., classical static recrystallization). On the other hand, a microstructure containing high-angle grain boundaries (HAGBs) may evolve continuously during large plastic deformation under cold-or warm-working conditions producing an ultra-fine-grained material via a process sometimes known as continuous recrystallization. [6, 7] The effectiveness of different deformation processes on grain refinement and subsequent mechanical behavior has been the focus of many investigations. Even for a given process (e.g., ECAE), the effect of deformation route on microstructure evolution is still not totally clear. For example, the experimental studies on the ECAE of pure Al using a 90 deg die revealed that route B c (90 deg rotation in the same sense between passes) was more effective than route C (180 deg rotation between passes) and route A (no rotation). By contrast, experiments using a 120 deg die showed that route A was most effective with regard to grain refinement.
[10] This controversy has been carefully reviewed by Zhu et al.
[11] and investigated by Furukawa et al. [12] Nevertheless, Hansen, et al. [13] have surmized that the underlying mechanism for structure refinement is not strongly affected by the deformation process. This latter work used TEM techniques to compare microstructure evolution during both severe-plastic and conventional deformation processes, namely, accumulative roll bonding, high-pressure torsion, rolling, and torsion. However, the data that were analyzed were extracted from different materials (aluminum, nickel, and copper) that had been processed under different deformation conditions, thereby making the interpretation of the results more difficult.
The present work was undertaken to establish the effect of straining mode on grain subdivision and texture evolution during the severe-plastic deformation of carefully controlled lots of well-characterized starting materials (commercial-purity aluminum and high-purity aluminum). To ensure a reliable comparison, the program materials were deformed via various means using nearly identical process variables (i.e., deformation temperature, effective strain, and effective strain rate). were characterized by orientation-imaging microscopy (OIM) using a high-resolution electron-backscatter diffraction (EBSD) technique integrated with a field-emission gun-scanning electron microscope (FEGSEM). Compared to transmission electron microscopy (TEM) techniques, the high-resolution EBSD has the advantage of rapidly gathering large amounts of quantitative data over larger areas while maintaining the ability to characterize cell and subgrain boundaries except those cases characterized by very low misorientation.
[14]
II. MATERIALS AND PROCEDURES

A. Materials
The effect of deformation mode on grain subdivision was revealed via the large-strain deformation of aluminum of two purity levels: (1) high-purity (99.998 pct Al) and (2) commercial-purity AA1100-H112 (99 pct Al). The chemical composition (in wt ppm) for the high-purity aluminum was ,1 Fe, 3.5 Si, and ,1 Cu and for the commercialpurity was 5800 Fe, 2000 Si, and 600 Cu.
The high-purity aluminum was received as a cast ingot with a coarse columnar microstructure that was broken down via sequential room-temperature forging along three orthogonal directions and intermediate and final annealing at 400°C, thus yielding an equiaxed structure with an average grain size of 90 mm. The commercial-purity aluminum, received as 50-mm-thick cold-rolled plate, was annealed at 345°C for 1 hour and then water quenched, thus yielding a microstructure with an average grain size of 290 mm. Orientation-imaging microscopy showed that both materials exhibited a cubelike texture with a high fraction of HAGBs (Figure 1) .
B. Thermomechanical Processes
Preforms machined from the annealed materials were deformed using four different deformation methods: ECAE, sheet rolling, conical-die extrusion, and uniaxial compression. Each of the processes was conducted at room temperature using deformation speeds chosen to impart an effective strain rate of 2 s À1 . Samples were water quenched after each deformation (or each increment of deformation as in ECAE and rolling). Immediately after the last deformation pass, each sample was stored at -70°C to minimize static recovery and recrystallization prior to metallographic and texture examination.
Equal-channel angular extrusion
The ECAE trials used multipart tooling with a fixed housing and several sliding components to reduce frictional effects.
[15] The equal cross-section square channels (50.8 3 50.8 mm) had an inclined angle of 90 deg. To conserve the high-purity aluminum program material, square preforms (measuring 19 3 19 mm and 108-mm length) were machined and assembled into rectangular cans (50.8 3 50.8 mm and 203-mm length) that were machined from the annealed commercial-purity aluminum plate without any parting agent between the can and the preform. Billets were given four passes through the ECAE die at a constant ram speed of 50.8 mm/s. Surface grinding was used after each pass to reduce the cross section slightly in order to facilitate subsequent insertion in the die. Each sample was rotated either 90 or 180 deg about its axis between passes; i.e., route B c or route C was used. After the fourth pass, samples were sectioned longitudinally along the midplane containing the extrusion direction (ED), which was aligned with the exit channel, and the transverse direction (TD), which was aligned with the inlet channel ( Figure 2 ). All microstructural observations were reported in the flow plane (defined by the ED and TD directions). The direction perpendicular to the flow plane is referred to as the normal direction (ND) (1Y in the previous work of Iwahashi et al. [16, 17] ).
Rolling
Rectangular billets measuring 12.7-mm thick 3 75-mm wide 3 54-mm long were employed for rolling trials. Samples were rolled at a speed of 4.76 m/min to a total reduction of 69 pct (von Mises effective strain e VM 5 1.35) or 95 pct (e VM 5 3.45) in 11 or 29 passes, respectively. Microstructure and OIM observations were taken on longitudinal sections that were contained the rolling direction (RD) and ND.
3. Conventional conical-die extrusion A 700-ton press was used to conduct conventional conical-die extrusion trials on cylindrical billets measuring 31.8-mm diameter 3 55.6-mm length. To obtain the desired strain rate, ram speeds of 9.7 and 3 mm/s were used for 
